The Ca 2؉ ͞calmodulin-dependent protein phosphatase 2B or calcineurin (CN) participates in several Ca 2؉ -dependent signal transduction cascades and, thus, contributes to the short and long term regulation of neuronal excitability. By using a specific antibody to CN, we demonstrate its absence from hippocampal interneurons and illustrate a physiological consequence of such CN deficiency. 
Intracellular signal-transduction cascades play a pivotal role in the short and long term control of neuronal function. Protein phosphorylation and dephosphorylation through activation of protein kinases and phosphatases have been long recognized as a major component of these signaling cascades (1) . Many of the kinases and phosphatases are activated through Ca 2ϩ -dependent pathways that link Ca 2ϩ signaling cascades to regulation of protein phosphorylation (2) (3) (4) . In particular, the serine͞threonine phosphatase 2B or calcineurin (CN) activated by Ca 2ϩ ͞calmodulin (CaM) is an important link between these two types of neuronal signaling pathways (5, 6) . Many of the specific and localized effects of CN are ensured by its binding to the A kinase anchoring protein, which also fastens two protein kinases: protein kinase A and protein kinase C (7) (8) (9) . CN dephosphorylates a large number of target phosphoproteins with important consequences to neuronal function (6) .
In many neurons, CN regulates the activity of various ion channels and thus controls neuronal excitability through altering the gain of synaptic transmission. CN, activated by Ca 2ϩ entering through N-methyl-D-aspartate (NMDA) channels, shortens their open time (10) , which leads to a reduction of synaptic currents (11) and can affect the function of nearby ␥-aminobutyric acid (GABA) receptors (12, 13) . Its role in neuronal plasticity is further underscored by the dephosphorylation of the inhibitory element of phosphatase PP-1 thought to be critically involved in hippocampal long term depression (LTD) (14) , the capacity to depotentiate already long term potentiated synaptic responses (15, 16) , and its possible involvement in long term potentiation (LTP) (17, 18) . The long term regulation of neuronal function through gene expression is also effectively controlled by CN via activation of protein phosphatase 1 (PP1) and the subsequent dephosphorylation of the nuclear cAMP-responsive element binding protein (CREB) (19) .
From their fundamental involvement in neuronal development, plasticity, and normal functioning (6) , most Ca 2ϩ -dependent signaling cascades are assumed to be present in all neurons. Yet, Ca 2ϩ -dependent synaptic plasticity is not uniform in all cell types. Most interneurons show no LTP or LTD (20) (21) (22) , two forms of synaptic plasticity critically dependent on the activation of Ca 2ϩ signaling cascades (14, 23, 24) . Plasticity at interneuronal synapses appears to be confined to the principal cells' excitatory terminals that form synapses with the interneurons (25) . The reason for the absence of such major forms of synaptic plasticity is unknown, but some studies point to missing Ca 2ϩ -dependent enzymes from interneurons. For example, Ca 2ϩ ͞CaM-dependent protein kinase II (CaMKII) is conspicuously absent from neocortical interneurons (26, 27) , but the functional consequences of this finding are not well understood. Because CaMKII appears to colocalize with CN (28), we decided to investigate the possibility that GABAergic interneurons may be specifically deficient in CN. Our studies show the absence of a major Ca 2ϩ signaling pathway consisting of Ca 2ϩ , CaM, CaMKII, and CN from interneurons and may explain the inability of synapses found on hippocampal GABAergic cells to undergo specific Ca 2ϩ -dependent forms of neuronal plasticity mediated on the postsynaptic side.
MATERIALS AND METHODS
Colchicine Injections. Colchicine solution (1 mg͞100 l of 0.9% NaCl) was injected into the lateral ventricles in three 2-to 3-month-old Wistar rats (Charles River breeding Laboratories) under Equitesin anesthesia. A total of 10 l was delivered through a glass capillary at the following coordinates (mm from bregma): AP, Ϫ0.9; DV, 3.5; L, 1.4. The animals were killed 2 days after the injection.
Immunohistochemistry. Immunostaining was carried out as described elsewhere (29) . Briefly, nine rats were perfused with paraformaldehyde or acrolein fixative under deep Equitesin anesthesia. Sections were cut, washed, frozen͞thawed, and incubated in primary antiserum against CN (mouse anti-CN, diluted 1:2,000, Transduction Laboratories, Lexington, KY; rabbit anti-CN, only for the fluorescent double-labeling, di- (35) . To prevent the pronounced desensitization in cell-attached patches (10, 36, 37) , the agonist (L-aspartate) was used at low concentrations (200-500 nM) with saturating glycine concentrations (10 M). FK-506 or okadaic acid were dissolved in dimethyl sulfoxide (final concentration, Ͻ0.1%) and diluted to bath concentrations of 50-100 nM and 5-10 M, respectively. Recordings were performed with an Axopatch 200B amplifier (Axon Instruments, Foster City, CA), digitized at 88 kHz (Neurocorder, NeuroData, New York), and stored on videotape. Channel data were filtered at 1 kHz (8-pole Bessel), sampled at 10 kHz, and analyzed off-line. Details of the 50% threshold-crossing event detection (PAT, Single Channel Analysis Program, courtesy of J. Dempster, Department of Physiology and Pharmacology, University of Strathclyde, U.K.) and of the analyses of channel kinetics are given elsewhere (37) .
RESULTS
Hippocampal Interneurons Lack CN Immunoreactivity. CN-immunoreactive neurons were found in the CA1-CA3 area of the hippocampus, as well as in the dentate gyrus, as reported (38) . The cell bodies were located in the pyramidal cell layer of the CA1-CA3 area, in the granule cell layer, in the hilus of the dentate gyrus, and occasionally in the CA1 stratum radiatum. Where present, the immunoreaction end product filled the perinuclear cytoplasm and the proximal and distal dendrites but was absent from the nuclei (Fig. 1) . Scattered immunonegative somata were found in all layers of the hippocampus including the principal cell layers (Fig. 1 A) . In strata radiatum, oriens, and lacunosum-moleculare, the vast majority of cell bodies were devoid of immunolabeling. Glial cells were also negative for CN in all layers. In the dentate gyrus, granule cells were invariably immunopositive, whereas large somata in stratum granulosum, moleculare, and the hilus were negative for CN. Immunostaining for GABA and CN was examined in adjacent 60-m-thick sections by using the mirror technique (39) . In two animals, a total of 432 GABA-positive neurons were examined in the CA1, 118 in the CA3 region, and 504 in the dentate gyrus. All of these neurons were found to be negative for CN in the adjacent sections ( Fig. 1 C and D) . Because GABAergic interneurons with distant projections are known to contain low levels of GABA in their somata (29) , double immunostaining for GABA and CN was also performed in three colchicine-treated animals by using fluorescein isothiocyanate-and rhodamine-conjugated secondary antisera. In a sample of 344 GABA-positive neurons taken from all layers and subfields of the hippocampus, none were double-stained for CN (data not shown).
Subcellular Localization of CN in Hippocampal Neurons. A fraction of cytosolic CN is anchored by the A kinase anchoring protein (7) (8) (9) in the vicinity of synapses or certain cytoplasmic organelles. Therefore, we examined the subcellular localization of CN in hippocampal sections at the electron microscopic level by using the regular immunoperoxidase (DAB) and preembedding immunogold techniques. The DAB precipitate or immunogold labeling was present in the perinuclear cytoplasm and dendrites of principal cells ( Fig. 2A) . Dendritic spines were also labeled throughout the dendritic layers of the hippocampus (Fig. 2 B-D) . Axon initial segments were immunopositive in several cases (Fig. 2E ), but glial processes were always negative (Fig. 2 A) . In sections stained by the preem- stores (43) . The presence of CN in the close proximity of these organelles may indicate its close relationship with inositol trisphosphate receptors (44) . No specific association or enrichment of immunoreactivity was observed near synaptic active zones (Fig. 2B-D) . Interestingly, there was no evidence for CN in axon terminals, inconsistent with the reported involvement of CN in glutamate release (45) or other types of exocytosis (46) . Absence of CaMKII and Presence of CREB in GABAergic Neurons. The absence of CaMKII from GABAergic neurons in the neocortex has been reported (26, 27) . To determine whether hippocampal GABAergic interneurons also lack this protein kinase, immunostaining for GABA and CaMKII␣ was performed on adjacent sections from three animals. Similarly to the CN distribution, CaMKII␣-immunoreactive neurons were found in the principal cells but not in GABAergic interneurons (n ϭ 50 GABA-immunoreactive cells tested; Fig.  3 A-D) .
Because two major Ca 2ϩ -signaling enzymes involved in neuronal plasticity appeared to be missing from interneurons, we decided to investigate the presence of the nuclear transcription factor CREB, known to regulate gene expression and neuronal plasticity in a Ca 2ϩ ͞CN-dependent manner (47) (48) (49) (50) . The presence of CREB in interneurons was studied by double immunostaining using interneuron markers (parvalbumin, calretinin, or GABA) developed with DAB (brown) and CREB developed with DAB-Ni 2ϩ (black). Double-labeled somata were seen in all layers of the hippocampus (Fig. 3E) , consistent with the idea that most if not all interneuron types express CREB in their nuclei.
CN Regulates the Duration of NMDA Channel Openings in Hippocampal Principal Cells but Not in Interneurons.
A negative finding in immunocytochemical localization studies does not necessarily indicate the total absence of the protein from the neurons; therefore, we decided to examine a physiological correlate of our anatomical findings. We chose to investigate the CN-dependent regulation of NMDA channel activity, known to occur in acutely dissociated adult (10) and cultured embryonic hippocampal neurons (11) . Because CN provides a negative Ca hippocampal neurons identified in slices by using infrareddifferential interference contrast video microscopy (35) . The patches were held at the cells' resting membrane potential (Ϫ60 Ϯ 12 mV), where unitary NMDA channel currents with similar amplitudes (3.5-4.5 pA) could be recorded. In several cases, particularly on the somata or the proximal dendrites of interneurons, more than one channel was present in the patch. This allowed us to investigate the mean open times of NMDA channels but precluded the detailed analysis of other kinetic properties.
To ensure that NMDA channels in the slice preparation behaved similarly to those previously recorded in acutely dissociated cells, we first assessed the effect of FK-506 in six granule cells. Within 6-8 min of its bath application, the membrane-permeant CN inhibitor FK-506 (50-100 nM) significantly increased the granule cells' mean NMDA channel open time (paired t test, P Ͻ 0.01; Table 1 ) comparable to its effect in acutely dissociated cells (10) .
Our anatomical findings identified CN in CA1 pyramidal cells, but as of yet there is no direct evidence for a CNdependent regulation of NMDA channel openings in these neurons. Therefore, we investigated whether CN regulates the function of NMDA channels in CA1 pyramidal cells in a manner analogous to that seen in dentate gyrus granule cells. As expected from the presence of CN in the pyramidal cells, perfusion of FK-506 (50-100 nM) had a similar effect on the NMDA channel openings in these neurons as in dentate gyrus granule cells. In six pyramidal cells, we observed a significant increase in the mean open times of NMDA channels after the drug applications (paired t test, P Ͻ 0.01; Fig. 4 , also see Table  1 .).
If our anatomical findings indeed reflect the true absence of CN from interneurons, then the duration of NMDA channel openings in GABA-containing hippocampal neurons, in contrast to principal cells, should be independent of CN-mediated regulation. To test this hypothesis, we examined the openings of NMDA channels in CA1 interneurons in the presence of the specific CN inhibitor FK-506 and of high concentrations (Ͼ5 M) of okadaic acid known to inhibit CN (10) . Recordings were obtained from nine cells located in the stratum oriens or at the border of the strata radiatum and lacunosummoleculare. In sharp contrast to our findings in principal cells, but consistent with our immunocytochemical results, perfusion of the CN inhibitors FK-506 (50-100 nM) or okadaic acid (5-10 M) failed to change significantly the duration of NMDA channel openings (paired t test, P ϭ 0.498 and P ϭ 0.369, respectively; Table 1 rises may trigger LTD (14) by activating CN (15, 56) , an event that can also depotentiate already long term potentiated synaptic transmission (16) . Although such Ca 2ϩ -dependent forms of synaptic plasticity are well established in principal cells, excitatory synapses on interneurons show little if any of such plasticity. This apparent lack of Ca 2ϩ -dependent synaptic plasticity in interneurons is even more puzzling in light of two established findings. (i) A significant NMDA-receptor-mediated component is readily found in the excitatory synaptic responses of hippocampal interneurons (21, 57, 58) , and (ii) interneurons have predominantly Ca 2ϩ -permeable combinations of ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (59, 60) .
Our study was prompted by this conspicuous absence of a Ca 2ϩ -dependent form of synaptic plasticity from hippocampal interneurons. The LTP observed at synapses on interneurons is due to a passive propagation of plasticity through alterations in the function of the principal cells' axon collaterals (refs. 20 and 22 but see also ref. 21) . Similarly, a presynaptic decrease in glutamate release from the principal cells' excitatory terminals has been proposed for the LTD observed in interneurons (25) .
A simple explanation for the lack of any Ca 2ϩ -dependent synaptic plasticity observed so far in interneurons would be the absence of Ca 2ϩ -activated signaling pathways required for such plasticity (14, 23, 24) . One clue comes from previous immunocytochemical studies in the rat and monkey neocortex showing the conspicuous absence of CaMKII immunoreactivity from GABAergic neurons (26, 27) , but these studies have not identified any physiological correlates of the anatomical findings. Our present report extends the anatomical findings on CaMKII to hippocampal interneurons and, in addition, shows the GABAergic cells' deficiency of yet another key Ca 2ϩ -dependent regulator of neuronal plasticity: the Ca 2ϩ ͞ CaM-dependent protein phosphatase CN. We have also provided electrophysiological evidence for the absence of CN from interneurons: NMDA channel openings in these cells were not prolonged by inhibition of CN.
Lack of Regulation of NMDA Channels by CN in Interneurons. Our anatomical findings demonstrate the absence of immunocytochemically detectable levels of CN in interneurons. Consistent with these anatomical data, the specific CN inhibitor FK-506 and high concentrations of okadaic acid, which also inhibit CN, had no significant effect on the NMDA channels of interneurons, whereas such treatments significantly prolong channel openings in principal cells (10) . This finding should not be taken as evidence for a total lack of regulation of interneuronal NMDA channels by protein kinases and phosphatases. Other protein phosphatases of GABAergic neurons, such as protein phosphatases 1 or 2A (61) or tyrosine phosphatases (62, 63) , may replace CN in the regulation of NMDA channels. The large diversity of hippocampal interneurons (64) raises the possibility of different NMDA channel subunit combinations being present in distinct types of GABAergic cells as single-cell reverse transcriptioncoupled PCR studies have shown in GABAergic neurons of the medial septum (65). We could not adequately address this issue quantitatively because most of our recordings had several channels precluding a detailed kinetic analysis of the openings. The presence of multiple channels in the patches probably results from the dense innervation of interneuron somata by excitatory terminals, unlike in pyramidal cells (66) .
Physiological Significance of the Missing Ca 2؉ Signaling Pathway from Interneurons. Clearly, one of the most immediate consequences of a missing major Ca 2ϩ -dependent signaling pathway in interneurons is a lack of Ca 2ϩ -dependent synaptic plasticity. We cannot exclude the involvement of other Ca 2ϩ -dependent second messenger systems in interneurons, but if two common forms of postsynaptic Ca 2ϩ -dependent synaptic plasticity (LTP and LTD) are indeed absent from GABAergic cells, changes in synaptic efficacy in these cells might be mediated predominantly by presynaptic effects. However, our immunohistochemical findings demonstrate the presence of the intranuclear regulatory element CREB in many GABAergic cells. Therefore, some aspects of lasting neuronal plasticity mediated by this intranuclear gene regulatory element should be operative in interneurons. It is interesting to note that the only GABAergic neuron known to show significant postsynaptic Ca 2ϩ -dependent plasticity is the Purkinje cell (67) , and it is probably not a coincidence that both CaMKII and CN are present in this neuron type (68) (69) (70) . A second important consequence of lacking two major cytoplasmic CaM-dependent enzymes is related to their affinity for CaM. The cellular concentrations of CaMKII or CN can be sufficiently large to constitute a major CaM buffer (2) . CaM is present in interneurons (71), but there would be no binding to the missing CaM-dependent enzymes. This could free sufficient CaM to preferentially activate other CaM-dependent cellular processes, including the regulation of ion channels through protein-protein interactions (72) (73) (74) . Thirdly, it remains to be determined how the dephosphorylation of key cytoskeletal proteins is accomplished in GABAergic cells. Microtubule-associated protein 2 (40-42), tubulin (40) , and tau (75, 76) are all targets of CN, as are various phosphoprotein members of other signaling cascades (77, 78) . Because many of these proteins are found in GABAergic neurons (79, 80) , their dephosphorylation must depend on other phosphatases, but this will result in a Ca 2ϩ -sensitivity of the dephosphorylation process entirely different than that found in principal cells.
Activation of CN by excessive Ca 2ϩ entry during anoxia͞ ischemia is thought to give rise to a cascade of events ultimately leading to neuronal death. Accordingly, antagonism of CN effectively protects against Ca 2ϩ -dependent neuronal damage (81) . Therefore, the absence of CN from GABAergic cells may confer a diminished vulnerability during anoxia͞ischemia. Indeed, interneurons (82) are relatively resistant to Ca 2ϩ -dependent cell damage during anoxia͞ischemia. The few that die, do so by acute edemic cell death (for review, see ref. 83) and not like pyramidal cells that are killed by delayed Ca 2ϩ -dependent mechanisms. Some future neuroprotective approaches might be based on CN inhibition (81) , but such strategies may not be globally effective. According to our findings, GABAergic cells would not be saved by such interventions.
In summary, our studies demonstrate the absence of a major Ca 2ϩ -signaling pathway consisting of the CaM-sensitive enzymes CaMKII and CN from GABAergic interneurons. This missing pathway may explain many special properties of interneurons including their conspicuous inability to undergo Ca 2ϩ -dependent synaptic plasticity.
